. -Total brain acetylcholine (ACh) was assayed in groups of animals after various periods of operant responding maintained by electrical stimulation of the lateral posterior hypothalamus or of escape behavior induced by electrical stimulation of the midbrain tegmentum. Different groups of trained rats were placed in identical Skinner boxes for periods of 1 to 24 hr. The following groups were studied: controls, self-stimulators receiving electrical stimulation, escapers from brain stimulation or peripherally applied aversive stimulation, self-stimulators not receiving electrical stimulation prior to decapitation, tubocurarine-paralyzed respired rats with electrodes in the posterior-lateral hypothalamus not receiving stimulation, and a group of tubocurarine-paralyzed, respired rats receiving electrical stimulation automatically. It was found that brain stimulation decreased total brain ACh, regardless of whether the stimulation was positive, as during self-stimulation behavior, or negative, as during escape behavior. Animals that received positive stimulation while being paralyzed showed similar decreases in total brain ACh, but the change in ACh was smaller. No changes occurred in animals that were paralyzed that received no electrical stimulation. It is concluded that brain usage produced by electrical stimulation of discrete functional pathways causes a reduction of total ACh, but this is unrelated to the specific motivational properties of the electrical stimuli.
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Acetylcholine
Self-stimulation behavior Escape behavior THERE is evidence that brain acetylcholine (ACh) is involved in various physiological functions such as arousal, REM sleep, and "no-go" behavior [4] . A reduction of behavior maintained by both positive and negative reinforcement is related to an elevation of brain ACh [5, 11, 13, 21, 25, 28, 29] . On the basis of these findings, the view has evolved that ACh influences, in a nonspecific way, a number of behaviors. This seems to be the case, especially so far as self-stimulation behavior is concerned. Some sort of relationship exists between ACh and self-stimulation behavior, although other transmitters, such as the catecholamines, also play an important role in this system. For example, self-stimulation behavior is more sensitive to depression by cholinergic agonists than escape behavior is from brain stimulation in the central gray region. The role of ACh in regard to behavior in general is still unclear and, moreover, the possibility exists that self-stimulation behavior is particularly sensitive to changes in levels of brain ACh. It seemed worthwhile to continue the investigation of the function of ACh in behavior maintained by brain reward to gain additional insight into the relation between brain chemistry and behavior. It is well known that brain ACh can vary with the physiological state of the organism. For example, sedatives elevate brain ACh, while stimulants and convulsants, including electroshock, lower it [1, 10, 22] . In addition, there is a marked diurnal variation in brain ACh related to motor activity [9, 12, 16] .
We have previously reported that brain ACh is slightly decreased by handling and injection of naive animals. It is also reduced by self-stimulation and escape behavior from brain shock lasting for a period of 30 rain prior to decapitation [6] .
Further reduction occurred when selfstimulating animals were pretreated with d-amphetamine, lSupported in part by NIMH Grant NH-11846 (to EFD) and MH-11627 (to JO). scopolamine, chlordiazepoxide, and diphenylhydantoin. The potentiation of the stimulation-induced reduction was small. However, this could have been related to the fact that the period of self-stimulation lasted only 30 rain. It seemed possible that longer periods of responding would reveal much larger decreases if such prolonged usage depleted brain stores of ACh and synthesis would not be able to keep up with utilization. The results reported here were obtained in experiments designed to test this possibility. The present report summarizes data which indicate that prolonged self-stimulation and escape behavior for brain shock reduce brain ACh. Furthermore, the decreases seem to be a function of the amount of stimulation received rather than of the site where electrical stimulation was applied, or of the motivational characteristic of the stimuli.
METHOD

Animals
The experiments were conducted on a total of 220 male albino Holtzman rats weighing 300-350 g. Throughout the course of the experiments, the rats were maintained on an ad lib feeding schedule and were housed in individual cages.
Surgery
One pair of electrodes (twisted stainless steel wires, 250 u dia) was implanted in each animal. The rat atlas by Krieg [15] was used to determine stereotaxic coordinates. To obtain a group of self-stimulators, the electrodes were aimed at the posterior lateral hypothalamus. For this group, the coordinates were 5 mm posterior from bregma, 1.5 mm lateral, and 8 mm in depth from the top of the skull. To obtain a group of animals that escaped from aversive brain stimulation, the electrodes were aimed at the central gray region, and the coordinates were 8 mm posterior from bregma, 1 mm lateral to the midline, and 5 mm in depth from the top of the skull. Surgery was performed under sodium pentobarbital anesthesia, 50 mg/kg, i.p. The details of the surgical procedures have been described by Olds and Olds [20] .
Procedures
After several days of recovery from surgery, the animals were trained in Skinner boxes to depress a metal lever, which in self-stimulation tests caused the application of a 1/4 sec train of stimulation and in escape tests caused the abatement for 6 sec of a repetitive series of 1/2 sec trains applied at one per sec. The stimuli were 60 Hz sine waves delivered in the first test to the posterior lateral hypothalamic region, and in the second test to the central gray region of the tegmentum. For self-stimulation, a current ranging between 40-60 uA was selected because this intensity produced optimal rates of responding. Further details have been given elsewhere [5, 6, 18, 19] . In preliminary sessions to determine stimulation levels for escape tests, current was adjusted repeatedly (in 5 uA steps) and then was set at a level that optimized escape behavior, or at 40 uA, whichever was the lower of the two. In selfstimulation tests, only rats with response rates of 300 to 1000 in an 8 rain period were used. In escape tests, the rats had to press the pedal often enough to escape successfully from a minimum of 130 aversive stimuli in an 8 min period.
The escape test has been described previously [19, 27] . This method differs from that of Sidman [24] in that responses made in the absence of shock did not postpone the subsequent shock. The animals remained motionless during the intervals between stimulation and then responded quickly, but only after one or two trains were applied. Thus, one or more stimuli were needed to function as cues for the initiation of responding, which postponed the aversive stimuli for 6 sec.
At least 10 daily sessions of 2 hr each were given for training before the animals were categorized on the above criterion as suitable for the experiments. During the experimental period, each rat worked in a standard session at a fixed time each weekday. One group of self-stimulating rats was paralyzed with 10 mg/kg of tubocurarine and placed on artificial respiration. These animals were then electrically stimulated at a rate of 100 stimuli/min at the same current at which they normally responded, the rate being approximately the same as they would normally maintain during a self-stimulation session.
Brain Assays
Animals used in these assays were sacrificed by decapitation between 10 -11:00 a.m. Each brain was quickly excised, and the cerebellum dissected away.
The brain extracts were prepared by the acid-alcohol method [3, 26] . The ACh-like activity of the extracts was bioassayed on the isolated frog (Rana pipiens) rectus abdominus muscle preparation. As suggested by Feldberg [8] , ACh standards were prepared in alkali-inactivated extracts to allow for the presence of sensitizing factors in the brain tissue.
Analysis of Data
Response rates were calculated for the total period as responses/min. Mean ± S.E. were computed for each group of animals in a given experiment and were subjected to statistical analysis using the Student's t test.
RESULTS
The mean ± S.E. for total brain ACh and behavioral response rates for various groups of animals are given in Fig. 1 . The control animals, which had brain hypothalamic electrodes, were habituated for a minimum of 1 hr per day for several weeks in the test chamber before the test period on the day of decapitation. These animals were not stimulated during the habituation nor during the experimental session. By contrast, the group of selfstimulators were stimulated during many training sessions and also self-stimulated during the experimental session before decapitation. As can be seen in Fig. 1 , total brain ACh decreased as a function of the duration of the experimental session in the group of self-stimulators; that is to say, as a function of the duration of the period when stimulation was received. Thus, the largest decrease occurred in the group of animals allowed to self-stimulate for a 24 hr period. As might be expected, the rate of responding during this period was not uniform from interval to interval and, furthermore, responding decreased toward the end of the session. An additional feature of the pattern of behavior during such a prolonged period was a slight increase in the rate of responding during the 12 hr interval. This was possibly related to the circadian properties attending self-stimulation behavior, and would explain the increase in the rate of responding after 12 hr when the animals entered the dark cycle [23] .
The effects of escape behavior on rat brain ACh at 3 and 24 hr are given in Table 1 . Control animals for this test had electrodes implanted in the midbrain tegmental region, and the motivational values of such stimulation had been determined during one training session. On the test day on which the animals were decapitated, they were not stimulated. The group of experimental animals for which stimulation in the midbrain was aversive was divided into two subgroups. One subgroup comprised all animals that required relatively intense stimulation (50 uA) to maintain steady escape responding; the other subgroup required moderate to low intensities of stimulation to maintain high response rates to escape the aversive stimulation for 6 sec. In general, brain ACh decreased during escape behavior, as it did during self-stimulation behavior, but with one significant difference. When the escape test lasted 3 hr, the decrease in brain ACh was larger in the group receiving intense aversive stimulation than in the group receiving low to moderate aversive stimulation. Thus, for this test period the current intensity appeared to be an important factor determining brain content of ACh. There was no difference between the two groups when the test period was 24 hr. This may have been related to the fact that after a session of such prolonged duration the levels of brain ACh were already very low and much more than a simple difference in current intensities could have been required to cause differences in brain ACh. One group of test animals also received aversive stimulation, but the noxious stimuli were applied peripherally (foot shock) rather than centrally. It is interesting that in this group an escape session lasting 24 hr caused no decrease in brain ACh, while the same period of escape behavior for brain stimulation produced significant decreases.
The effects of different rates of either escape responding, or self-stimulation behavior on brain ACh are given in Table 2 . For this analysis the self-stimulators were divided into two subgroups: those that responded at rates of 60 responses or less per min in a session lasting 3 hr, and those that responded at rates above this. The escape animals were similarly subdivided. Here again, one subgroup comprised those animals whose rate of responding was more than 30 responses per min, and the other those animals with a lower rate. The higher rate of responding signified fewer aversive stimuli received, since a response signified the postponement for 6 sec of the average stimuli. However, as was pointed out earlier (Methods section), these animals did not avoid. Hence, even the highest rates of responding signified that a certain number of aversive stimuli were taken. Apparently, at the frequency used in these tests, the number of stimuli taken either during approach or escape behavior made no significant difference in the levels of brain ACh when the test period was 3 hr. Effects of electrical stimulation of posterior-lateral hypothalamus for 3 hr in self-stimulating and paralyzed artificially ventilated rats. Groups of 6 20 rats (see number within bar) were used. Rats were paralyzed with tubocurarine and artificially ventilated. The current paralyzed group was automatically stimulated at the approximate rate they normally would respond (100/min). Note that only the electrically stimulated animals showed a decrease in brain ACh (p<0.05) which was greater in the self-stimulators.
The decrease was similar for the self-stimulators at high rates and for those responding at low rates; the same was also true for the escapers. Figure 2 summarizes the data on total brain ACh obtained in groups of rats paralyzed with 10mg/kg of tubocurarine and respirated artificially throughout the duration of the experimental session that lasted 3 hr. One group of control animals had electrodes in the reinforcing region of the hypothalamus but received no stimulation during the session. However, the animals were paralyzed and thus were under stressful conditions. The group of test animals had electrodes in the posterior lateral hypothalamus and stimulation there was rewarding, as determined in previous training sessions when the subjects were not paralyzed. During the experimental session, the animals were stimulated automatically since they were paralyzed. The data show that total brain ACh decreased in this group of animals, as compared with the group of animals that were paralyzed but did not receive stimulation. However, the decrease in the test group was lower than in the group of animals that were allowed to self-stimulate during a similar period of 3 hr. In other words, although rewarding brain stimulation caused decreases in brain ACh, it was larger in the group of animals in which freedom of movement permitted the self-application of the rewarding stimuli than in the group of animals in which the rewarding stimuli were applied automatically.
DISCUSSION
This study provides further evidence that ACh, in addition to other putative brain neurotransmitters such as norepinephrine and 5-hydroxytryptamine, is functionally related to brain activity [1, 2, 6, 14, 17] . However, we could find no behavioral specificity for the fall in total brain ACh. In both the self-stimulating and escaping animals, brain ACh levels gradually decreased the longer the rat continued to perform, regardless of whether the response rates were high or low. Although the overall rate of responding gradually declined over a 24 hr period in self-stimulating rats, it should not be construed that decreased brain ACh was the cause. Scopolamine also reduces brain ACh but it does not always reduce responding until doses as large as 2 mg/kg or more are given [6] . It has been suggested [14] that the degree of emotionality associated with self-stimulation affects brain ACh. This may be an important factor, but our own research indicates that the total period during which responding takes place, irrespective of the nature of the reinforcement, is also an important variable modifying the levels of brain ACh. Furthermore, aversive brain stimulation, in these tests, was a more potent factor in reducing total brain ACh than peripheral electrical shock to the feet. Two other factors that determined brain levels during self-stimulation were freedom of motor movement and intensity of the centrally applied current.
A severe limitation to this study is that only total brain ACh levels were measured. One would expect marked regional differences depending upon the functional brain area involved. Moreover, total brain levels of any substance reflect only the relative rates of synthesis vs. destruction. It is widely agreed that turnover is a much more meaningful measure of functional activity. With respect to brain ACh, indirect measures of turnover, for example, the use of blockers of ACh synthesis, suggest marked changes in turnover following the administration of psychotropic drugs in doses that do not alter total brain levels [7] . Hence, data which indicate that total brain ACh does not change must be interpreted with caution. Some other, more sensitive, measure such as ACh turnover may change dramatically. When total brain ACh is reduced, one can only conclude that synthesis is inadequate to keep up with demand.
Whether the synthesis of brain ACh is reduced over time, or whether the demand for more ACh is so great that normal synthesis cannot keep up is, of course, not known and must be the subject of further research.
